. Genes A and B are the structural genes for L-arabinose isomerase and L-ribulokinase, respectively (Lee and Englesberg, 1962) , and have, in addition, regulatory function; the C locus probably represents an operator gene (Jacob et al., 1960; Englesberg, 1961) , which also controls the functioning of the A and B genes.
quantities of L-ribulose 5-phosphate when incubated with L-arabinose. The mutant sites are closely linked to the left of the previously ordered L-arabinose mutant sites, and probably represent the structural gene for L-ribulose 5-phosphate 4-epimerase (gene D) in the L-arabinose operon. The inducible levels of L-arabinose isomerase and L-ribulose 5-phosphate 4-epimerase vary correspondingly as a result of mutation in the structural gene for L-ribulokinase (gene B), further substantiating the dual structural and regulatory function of this gene locus. and ara-139 are strongly inhibited by L-arabinose and give rise to L-arabinose-resistant mutants. The one resistant mutant analyzed still lacks the 4-epimerase but is deficient in L-ribulokinase and has increased L-arabinose isomerase activity, a characteristic of a type of mutation in the B gene. It is proposed that accumulation of Lribulose 5-phosphate is responsible for the inhibition, and that mutation to resistance will involve mutation in the A, B, C, permease, or repressor genes, thus providing a direct method for isolating these types of L-arabinose-negative mutants. Glucose prevents and cures the Larabinose inhibition. Gross and Englesberg (1959) have ordered a number of closely linked L-arabinose nonutilizing mutant sites (ara-) of Escherichia coli strain B/r between the markers threonine (thr) and leucine (leu) by transduction experiments with phage Plbt employing three-and four-factor crosses. The mutant sites fall into three different gene loci, A, B, and C, as defined by both genetic and functional criteria (Gross and Englesberg, 1959; Englesberg, 1961) . Genes A and B are the structural genes for L-arabinose isomerase and L-ribulokinase, respectively (Lee and Englesberg, 1962) , and have, in addition, regulatory function; the C locus probably represents an operator gene (Jacob et al., 1960; Englesberg, 1961) , which also controls the functioning of the A and B genes.
Employing a modified selection procedure, we isolated two additional L-arabinose-nonutilizing mutants (ara-53 and ara-139) , whose growth in the absence of glucose is severely inhibited by L-arabinose. This paper presents evidence that these two mutants represent another gene locus (gene D) in the L-arabinose operon, a gene locus concerned with the synthesis of the third sequential enzyme in L-arabinose metabolism, L-ribulose 5-phosphate 4-epimerase (Wolin, Simpson, and Wood, 1957; Burma and Horecker, 1957) . Further, it shows that these sensitive mutants can be used for the selection of double L-arabinose-negative mutants containing a new L-arabinose mutant site, in addition to the original mutant site in the D gene.
MATERIALS AND METHODS
Most of the experimental methods and materials employed in this investigation have been previously described (Gross and Englesberg, 1959; Englesberg, 1961) .
Preparation of cell-free extracts. The growth procedure of Englesberg (1961) (Englesberg, 1961) . In the preparation of extracts for L-ribulose 5-phosphate 4-epimerase assays, two purification steps were performed to rid the extracts of high reduced diphosphopyridine nucleotide (DPNH) oxidizing activity, which interferes with the epimerase assay. Heavy cell suspensions (approximately 30% on a wet weight basis) were treated in the Raytheon 10 ke sonic oscillator to yield a clarified extract containing approximately 60 to 70 mg of protein per ml. Portions (10 ml) of the extract were then treated with 0.5 ml of 1.0 M MnC12 at 0 C for 30 min. The precipitate was removed by centrifugation, and the supernatant liquid was dialyzed at 0 C against three changes of 50 volumes of a solution of 10-3 M sodium ethylenediaminetetraacetate and 10-3 M reduced glutathione (at pH 7.4 for 12 hr), and further clarified bv centrifugation at 20,000 rev/min for 45 min. Quantities (10 ml) of this material were then heated to 53 C in a water bath for 16 min, brought to 0 C, and centrifuged at 20,000 rev/min for 45 min in the 40 head of the Spinco model L centrifuge (see Lee and Englesberg, 1962 (Lee and Englesberg, 1962 (Englesberg, 1961;  Boyer, Englesberg, and Weinberg, Genetics, in press) can be made more accurate by multiplying the L-arabinose isomerase activity given for the wild type by the factor 1.6. A similar correction may also be necessary for L-arabinose isomerase assays of crude extracts of D gene mutants (Boyer et al., in press) . Although this increased L-arabinose isomerase activity in the wild type decreases the differences previously noted between the hyper-L-arabinose isomerase producing B gene mutants, and correspondingly increases the differences noted with hypo-producers (Englesberg, 1961; Boyer et al., in press) , there can be no doubt that hyperproducers still exist: ara-23, ara-53 ara-127 (see Table 3 ), ara-16, ara-15, and ara-24 (Englesberg, 1961 The materials used in the assay were obtained or prepared as described by Anderson and Wood (1962a, b) with minor modifications. L-Ribulokinase, for the preparation of L-ribulose 5-phosphate, was purified from an L-ribulose 5-phosphate 4-epimeraseless mutant (ara-139) of E. coli B/r induced to L-arabinose as described above. The L-ribulose 5-phosphate prepared was free of i)-xylulose 5-phosphate and D-ribulose 5-phosphate, as determined by chemical and enzymatic tests.
Chromatography. Circular and ascending paper chromatography was employed with the following developing solvents: phenol and water, 88%; acetone, 60 volumes + formic acid (35%, v/v), 40 volumes, at 4 C (Burrows, Grylls, and Harrison, 1952) ; ammonium acetate + ethanol; picric acid + ethanol + butanol (Wawszkiewiez, 1961) . Phosphate was detected by the ammonium molybdate spray of Bandurski and Axelrod (1951) . Alkaline triphenyl tetrazolium, orcinol trichloroacetic acid, p-aminodimethylaniline hydrochloride (Englesberg, 1961) , and periodatebenzidine (Wawszkiewiez, 1961) (1932) . Total pentose was determined by an orcinol procedure (Ashwell, 1957) . The other analyses employed have been previously described (Englesberg, 1961) .
RESULTS
Isolation of L-arabinose-negative, L-arabinosesensitive mutants. Gross and Englesberg (1959) isolated 17 L-arabinose-negative mutants which w-ere deficient in either L-arabinose isomerase or L-ribulokinase, or both enzymes. Continued use of their selection procedure has invariably led to the isolation of these same three types of mutants. It is possible that the failure to isolate mutants deficient in the third sequential enzyme in L-arabinose metabolism, L-ribulose 5-phosphate 4-epimerase (Wolin et al., 1957; Burma and Horecker, 1957) , might have been owing to the inhibitory effect of L-arabinose on the growth of such mutants. Such a carbohydrate inhibition might be predicted from the previously described L-rhamnose inhibition (Englesberg and Baron, 1959; Englesberg, 1960a) and galactose inhibition (Yarmolinsky et al., 1959; Fukasawa and Nikaido, 1961; Nikaido, 1961) .
To isolate L-arabinose-sensitive mutants of a thr-ara+ leu-strain, ultraviolet-irradiated cells (10-to 10-6 survival) were shaken overnight at 37 C in nutrient broth to permit expression of the L-arabinose-sensitive mutants, and then plated on eosin methylene blue (EMB) L-arabinose agar. Using this procedure, we isolated two L-arabinose-sensitive, L-arabinose-negative mutants (ara-53 and ara-139), which produced minute pink colonies on EMB L-arabinose agar.
To facilitate the mapping by three-point tests, each mutant was converted to thr+ leu+ and to thr+ leu-by transduction (Gross and Englesberg, 1959) , so that each mutant employed in a cross existed in either a leu-or leu+ genetic background. (The threonine marker was not employed in these experiments.)
Inhibitory effect of L-arabinose on the growth of ara-53 and ara-139. When either mutant, ara-53 or ara-139, was streaked onto an EMB Larabinose agar plate, growth was inhibited (ara-139 more so than ara-53) and secondary colonies arose, the great majority of which were L-arabinose-negative and resistant, producing large pink colonies on EMB L-arabinose medium. Figure 1 shows the spontaneous secondary colonies arising in a culture of ara-139 on EMB L-arabinose, and Fig. 2 (Englesberg, 1961) . L-Arabinose was added to some tubes at zero time and to others at various time intervals, as indicated, to yield a 0.1% solution.
and DL-alanine. Figure 3 shows the effect of L-arabinose on the growth of ara-53 in a 0.1% casein hydrolyzate mineral medium. When L-arabinose is added at the beginning of the experiment, growth is severely inhibited; when added during exponential growth, severe inhibition occurs before the cells have doubled. L-Arabinose does not cause lysis, as does galactose with some galactose-sensitive mutants (Nikaido, 1961; Fukasawa and Nikaido, 1961) . The addition of glucose to L-arabinose-inhibited cells removes the inhibition.
Ordering of the mutation sites for ara-53 and ara-139. The order of ara-53 and ara-139 was determined by transduction experiments with phage Plbt. The three-factor reciprocal transduction experiments with ara+ as the selected marker and leu+ as the unselected marker (Gross and Englesberg, 1959) were unsuitable because of the relatively high reversion rate of ara-53 and ara-139. We, therefore, used leu+ as the selected marker and ara+ as the unselected marker. For example, to order ara-53 with previously ordered ara-mutant sites, phage grown on the ara-53 leu+ strain was used as the donor of genetic material to recipient bacteria, which were leu7 and contained the mutant site for a previously ordered ara-marker, ara-2. We selected leu+, and scored the leu+ transductants for L-arabinose utilization by streaking them onto mineral-L-arabinose plates. A reciprocal transduction, with ara-2 leu+ in the donor and ara-53 leu-in the recipient, was made in the same way. If the ara-marker in the donor was to the left of the ara-marker in the recipient, a double crossover would be necessary to produce a leu+ transductant which was also ara+, and if the ara-marker in the donor were to the right, a quadruple crossover would be necessary. The latter occurs less frequently than the former. (See Gross and Englesberg, 1959, for a detailed description of the method.)
By such experiments, it was found that ara-53 and ara-139 are closely linked to the left of all previously mapped mutant sites, and ara-139 was to the left of ara-53. For instance, when ara-53 was used as the donor and ara-2 (the left-most previously mapped ara-site) as the recipient, 1.8% of the leu+ transductants were also ara+; when ara-2 was used as the donor and ara-53 as the recipient, only 0.18% of the leu+ transductants were ara+. Similarly, when ara-139 was the donor, more ara+ recombinants were found among the leu+ transductants than when ara-53 was the donor, indicating that ara-139 is to the left of ara-53. Analogous transductions involving ara-139 and ara-2 indicate that ara-139 is also to the left of ara-2, as would be expected (Table 1).
To confirm the ordering of ara-139 to the left of ara-53, transductions were made using either ara-53 or ara-139 as the donor, and a double Larabinose-negative mutant of either ara-139 or ara-53 as the recipient, the second mutant site of the double mutant being in the B gene, to the right of ara-2 (Boyer et al., in press). We selected ara+ transductants on one plate, and leu+ transductants on another plate, as an index of the transducing ability of the phage. If ara-139 is to the left of ara-53, then quadruple crossover would be necessary to obtain ara+ transductants when ara-53 was the donor; and only a double crossover would be necessary when ara-139 was the donor. The lower frequency of ara+ transductants obtained wNhen Fig. 4) .
Enzymatic characterization of ara-53 and ara-139. Ara-53 and ara-139 both possess the first two enzymes involved in L-arabinose metabolism, L-arabinose isomerase and L-ribulokinase, but are deficient in the third enzyme, L-ribulose 5-phosphate 4-epimerase (Table 3, Fig. 4) (Burrows et al., 1952) . Several small sections of the paper chromatogram were removed and sprayed for phosphate with the molybdate spray of Bandurski and Axelrod (1952) , and with alkaline triphenyl tetrazolium chloride. WVith these strips as a guide, most of the inorganic phosphate section of the paper chromatogram (tol) portion) was cut away, as well as a section near the origin, leaving a large band (RF 0.42) which gave a positive organic phosphate and ketose reaction. This latter section was then eluted with water and rechromatographed as above. These two chromatographic treatmenits freed the tunknown of all inorganic (Ashwell, 1957) gave the typical absorption spectrum of ribulose 5-phosphate (Simpson and Wood, 1958) . The cysteine-carbazole test gave a maximal absorption at 540 my, as given by ribulose 5-phosphate (Simpson and Wood, 1958) , and the characteristic several hours were required for full color development.
Hydrolysis (Englesberg, 1961) . M\aximal color production with the cysteine-carbazole test occurred within 20 min as with authentic ribulose, distinguishing this compound from xylulose which, under similar circumstances, requires approximately 2 hr for full color development (Burma and Horecker, 1958) . The isolated ribulose phosphate was identified as L-ribulose 5-phosphate by its ability to serve as a substrate for L-ribulose 5-phosphate 4-epimerase and its inability to serve as a substrate for D-ribulose 5-phosphate 3-epimerase (Anderson and Wood, 1962a Fig. 4 ). The epimerase has been shown to be an inducible enzyme and is present in L-arabinose isomerase and L-ribulokinase deficient mutants of the genes A and B, respectively, suggesting that the 4-epimerase may be induced by Larabinose itself. A mutant in the C gene, probably the operator gene, deficient in both isomerase and kinase (Englesberg, 1961) is also deficient in the 4-epimerase. These findings indicate that mutants ara-53 and ara-139 represent a new gene locus (D), probably the structural gene for the 4-epimerase in the L-arabinose operon. Englesberg (1961) has shown that genes A and B have dual function. Gene A, the structural gene for the enzyme L-arabinose isomerase, acts as a "regulatory gene" determining the inducible level of L-ribulokinase, an enzyme whose structure is determined by the neighboring gene B (Lee and Englesberg, 1962 (Englesberg, 1961) . This second mutation in the resistant mutant should prevent the synthesis of L-ribulose 5-phosphate, which accumulates in the epimerase-negative mutant, and which may be responsible for the severe L-arabinose inhibition. On this basis, one would predict that any new mutation which would prevent the synthesis of L-ribulose 5-phosphate should lead to L-arabinose resistance of a D mutant (Englesberg, 1960b ). These D mutants may therefore present a unique tool for the direct selection of arabinose-negative mutants in the A, B, and C genes, and also for L-arabinose permease-negative mutants, and il type of mutants (Jacob and Monod, 1961) ; the two latter types have not been isolated by our usual procedures.
Galactose-negative mutants of E. coli, missing the enzyme galactose 1-phosphate uridyl transferase, are severely inhibited bv galactose and accumulate galactose 1-phosphate (Yarmolinsky et al., 1959) . Certain galactose-negative strains lack the enzyme uridine diphosphogalactose 4-epimerase, accumulate galactose 1-phosphate and uridine diphosphogalactose, and are lysed by galactose. Both types give rise to galactoseresistant, galactose-negative mutants which are deficient in one or more additional enzymes involved in galactose metabolism (Yarmolinsky et al., 1959; Fukasawa and Nikaido, 1961) . L-Rhamnose inhibits growth of a strain of Salmnonella typhosa which possesses L-rhamnose isomerase and L-rhamnulokinase, but is probably missing a third unidentified enzyme in Lrhamnose utilization. One L-rhamnose-resistant mutant lacked both isomerase and kinase activity (Englesberg and Baron, 1959) . This was apparently an o0 or i8 type of mutation (Jacob and Monod, 1961) . In this case as well, a phosphate ester seems to be involved in the inhibition, and mutation to resistance prevents the synthesis of the phosphate ester.
The ability of only glucose to prevent or neutralize the L-arabinose inhibition appears to be connected with the diauxie phenomenon. Of all the compounds tested with E. coli B/r wild type, glucose is the only one which excludes L-arabinose utilization. The other compounds appear either to be used simultaneously with Larabinose or are not metabolized by E. coli until L-arabinose is completely utilized (Englesberg, unpublished data) .
